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Abstract In this work, we study the top surface locali-
zation of InAs quantum dots once capped by a GaAs layer
grown by molecular beam epitaxy. At the used growth
conditions, the underneath nanostructures are revealed at
the top surface as mounding features that match their den-
sity with independence of the cap layer thickness explored
(from 25 to 100 nm). The correspondence between these
mounds and the buried nanostructures is conﬁrmed by
posterior selective strain-driven formation of new nano-
structures on top of them, when the distance between the
buried and the superﬁcial nanostructures is short enough
(d = 25 nm).
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Introduction
The integration of semiconductor quantum dots (QD) as
active elements in new quantum optoelectronic devices [1–
4] requires a precise control in their shape, size and loca-
tion over the substrate. In this direction, different strategies
have been followed in the last years with promising results.
One of them is the use of patterned substrates [5–9],
in which good results on the growth selectivity and
photoluminescence (PL) emission of single QD have been
obtained [5–7]. Another approach based on droplet epitaxy
growth technique [10, 11] has recently emerged as an
optimal strategy for obtaining different nanostructures
complexes [12, 13] with a great control in shape and size.
Recently, our group has reported the ability to use this
technique to obtain low density InAs QD with control in
size into previously formed GaAs nanoholes [14]. In this
previous work, we advanced the possibility of using certain
capping growth conditions for marking the underneath
nanostructures by the formation of mounding features at
the top surface. The possibility of top surface localization
of buried QD has been studied in the past by the growth of
stacked structures [1] and more recently, by evaluating the
surface morphology once a single layer of QD is capped
[3]. As it is well known, the surface of a thin layer covering
nanometric features is not ﬂat, but it shows characteristic
mounding features [3, 14–17]. However, when the thick-
ness of the cap layer increases, these features enlarge and
coalesce [15, 16] discarding any further correspondence of
the mounds with the buried nanostructures. The possibility
to overcome this problem is of high technological interest
for the fabrication of devices, as single photon emitters,
where the location of the nanostructures after being buried
is a critical issue.
In this work, by means of preferential nucleation of InAs
at the top surface, we demonstrate that mounds formed
during the growth of the cap layer unequivocally mark the
buried nanostructures. Additionally, we show that these
surface features can be maintained up to 100-nm thick cap
layers by the use of low temperature atomic layer molec-
ular beam epitaxy (ALMBE) growth technique [18]. The
different contributions to the surface chemical potential
that inﬂuence on the selective preferential growth [19] are
discussed in the framework of these results.
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The experimental procedure starts growing a 0.5-lm thick
undoped GaAs(001)buffer layerbymolecularbeamepitaxy
(MBE) at a growth rate rg = 0.5 monolayers per second
(ML/s), As4 beam equivalent pressure (BEP) of 2 9
10
-6 Torr and substrate temperature Ts = 580 C on GaAs
(001) substrates. The root mean square roughness of this
surface is typically 0.24 nm. Then a nanotemplate fabrica-
tion process is performed by droplet epitaxy [11]. It consists
of a two-step process where metallic Ga droplets are ﬁrst
formed on the surface to be ﬁnally exposed to an As atmo-
sphere. In particular, the growth protocol followed for the
formation of Ga droplets consists in the opening of the Ga
shutter during 20 s, with the cell providing a ﬂux equivalent
to the growth of GaAs at 0.5 ML/s. Simultaneously, the As
cell is pulsed in cycles of 0.2 s open/0.8 s close at a
BEP(As4) = 5 9 10
-7 Torr.Theresultofthisprocessisthe
formation of Ga droplets spread all over the surface with a
density of 2 9 10
8 cm
-2. Finally, these Ga droplets are
annealed under As atmosphere during 6 min at BEP(As4) =
5 9 10
-7 Torr[13].Duringthisannealingstep,theIncellis
also opened,depositing 1.4 ML of InAs, atrg = 0.01 ML/s,
for QD formation inside the nanoholes [14]. After this
annealingandsimultaneousInAsdepositionstep,theformed
nanostructuresareﬁnallyexposedduring1 mintoAs2ﬂuxat
Ts = 510 C and BEP(As2) = 3.5 9 10
-7 Torr.
The formed QD, with dimensions 14 ± 1 nm in height,
50 ± 2 nmindiameteranddensity2 9 10
8 cm
-2(Fig. 1a),
are then capped by a 50-nm thick GaAs layer. In particular,
the ﬁrst 15 nm of GaAs were grownat Ts = 510 C and As2
BEP changing from 5 9 10
-7 to 9 9 10
-7 Torr while the
remaining 35 nm under typical MBE conditions:
Ts = 580 C and BEP(As4) = 2 9 10-
6 Torr. The surface
that results after this process is shown in Fig. 1b. As
expected, coalesced mounds elongated along the GaAs
[1–10] direction are observed [15,16]. In this sense, in order
to study the resulting cap layer surface morphology and its
possible correlation with the buried nanostructures, two
differentGaAscaplayerswiththicknessesof25and100 nm
were grown. In the case of growing a 25-nm thick cap layer,
the growth conditions followed were similar to that used in
thecaseofgrowingthe50-nmthickcaplayer;thus,theinitial
15 nm were grown at Ts = 510 C and As2 BEP changing
from5 9 10
-7to9 9 10
-7 Torrwhiletheremaining10 nm
of GaAs, under typical MBE conditions. As shown below
(Fig. 2a), under this process, the cap layer shows a mor-
phology consisting of a ﬂat surface with isolated mounds. In
thecaseofthe100-nmthickcaplayergrowth,theﬁrst20 nm
are initially grown as before, Ts = 510 C and As2 BEP
changing from 5 9 10
-7 to 9 9 10
-7 Torr, and the remain-
ing 80 nm are deposited at Ts = 450 C and BEP(As4) =
2 9 10-
6 Torr using the ALMBE growth technique [18],
withtheaimofpreservingasmuchaspossiblethemounding
morphology achieved after the growth of the thinner cap
layer(d = 025 nm).Afterthegrowthofeither25-or100-nm
thickGaAscap layers,differentamounts ofInAs were ﬁnally
deposited to reveal the existence and hierarchy of sites for
enhanced nucleation of new nanostructures. In particular 1.4,
1.5 and 1.6 ML of InAs were deposited at 0.01 ML/s,
Ts = 510 C and BEP(As4) = 5 9 10
-7 Torr. These sam-
ples were studied by atomic force microscopy (AFM).
In order to compare the optical quality of InAs QD after
the different growth processes followed for the 25- and
100-nm thick cap layers, PL studies were performed after
depositing 1.4 ML of InAs into the GaAs nanoholes. These
PL measurements were carried out at 30 K, by using a
standard setup with a frequency-doubled Nd:YAG laser
(kexc = 532 nm) as excitation source, with a spot diameter
of approximately 200 lm.
Fig. 1 1 lm 9 1 lm AFM
images corresponding to: a the
initial InAs QD formed into
GaAs nanoholes fabricated by
droplet epitaxy and b the GaAs
surface that results after capping
by 50 nm of GaAs the
nanostructures shown in (a)a t
typical MBE growth conditions.
Coalesced mounds elongated
along the [1–10] GaAs direction
are observed
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Figure 2 shows 1 lm 9 1 lm 3D AFM images of capped
InAs QD and posterior top surface InAs deposition. The
corresponding images are distributed in columns for the
two different cap layer thicknesses grown (25 and 100 nm)
and in ﬁles for the different amount of InAs deposited (0,
1.4, 1.5 and 1.6 ML). It is ﬁrst noticeable in this image that
the surface morphology obtained just after capping the
nanostructures is similar independently of the cap layer
thickness (Fig. 2a, 2e). In particular, mounds elongated
along the direction [1–10] are observed; their dimensions
for the 25-nm thick cap layer samples are around 700 nm
in length, 150 nm in width and 7 nm in height. It is also
noticeable the coincidence between the density of the
observed mounds and the nanostructures previously
deposited (Fig. 1a). Thus, the most plausible is that below
each mound, there is a QD.
Assuming that the mounds are located just over buried
QD, new InAs material deposited on the surface would
preferentially nucleate at their top if the underlying strain is
large enough. In the case of 25-nm thick cap layers, Fig. 2b
shows the AFM image after depositing 1.4 ML of InAs on
the mounding surface shown in Fig. 2a. Notice that the
amount of InAs deposited is far from the critical for QD
formation on a ﬂat surface under the used experimental
conditions (*1.7 ML). This means that we would not
expect QD formation unless InAs growth is enhanced at
preferential sites of the surface. However, we observe
incipient InAs clusters appearing on top of each mound
(Fig. 2b). These InAs nanostructures are clearly observed
in the derivative AFM image at the inset of this Fig. 2b.
This result corroborates our initial supposition about the
presence of a QD underneath each of the surface mounds.
As expected, if more InAs is deposited, Fig. 2c, bigger
nanostructures are formed on the top of these surface fea-
tures. Figure 2d shows the situation when 1.6 ML of InAs
is deposited on the surface. With this amount of InAs,
besides the QD formed at the top of the mounds, we
observe QD decorating the sidewalls of the mounds. This
result indicates that once the QD at the top surface reaches
an equilibrium size, the steps forming the mounds become
new preferential nucleation sites for InAs material. This
result means that, besides strain-related nucleation mech-
anisms, another energetic term that takes into account also
curvature-related considerations in the selective nucleation
of InAs material [19] has to be considered.
Similar to these experiments, Fig. 2e–g show the top
surface morphology that results after capping the nano-
structures with a 100-nm thick GaAs layer and posterior
deposition of different amounts of InAs material. Com-
paring with the case of using a 25-nm thick cap layer
(Fig. 2a–d), we ﬁnd signiﬁcant similarities in the mounding
morphology and differences in the nucleation of InAs
nanostructures at the top surface. First, as above com-
mented, we observe mounds with the same density as that
of the buried nanostructures and with similar dimensions,
except for a lower height of 4 nm, than in the case of using
25-nm thick cap layers. This result means that the growth
process used in this work for thick GaAs cap layers
(100 nm) allows to maintain the morphology initially
obtained for 25-nm thick cap layers. In this sense, the result
shown in Fig. 2e is of great importance for most applica-
tions where thick cap layers and top surface localization are
strictly necessary.
Fig. 2 Left column shows 1 9 1 lm
2 3D AFM images of the
mounding surface that results after growing a 25-nm thick GaAs cap
layer (a) and after 1.4 ML (b), 1.5 ML (c) and 1.6 ML (d) of InAs is
deposited on this surface. The inset in (b) corresponds to the
derivative image and is shown to highlight the presence of 3D InAs
nuclei forming at the top of the mounds. Right column shows
1 9 1 lm
2 3D AFM images of the mounding surface that results after
growing a 100-nm thick GaAs cap layer (e) and after 1.4 ML (f),
1.5 ML (g) and 1.6 ML (h) of InAs is deposited on this surface. See
text for the growth conditions of the different GaAs cap layers
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1.5 and 1.6 ML in Fig. 2f–h, respectively, it is not
observed in this case, any formation of InAs nanostructures
at the top of the mounds. This result indicates that the non-
uniform strain proﬁle induced by the buried nanostructures
does not propagate up to a distance of 100 nm, and
therefore, only curvature-related effects have to be con-
sidered in the preferential nucleation of InAs. In a similar
way to the previous result obtained for the thinner cap layer
(25 nm, Fig. 2d), when the amount of InAs deposited is
1.6 ML (Fig. 2h), that is, when the critical thickness for the
growth of QD on a ﬂat surface is almost reached, well-
deﬁned QD at the sidewalls of the mounds are obtained
together with the formation of incipient InAs islands all
over the ﬂat surface. It can be noticed that, as a difference
to that observed in Fig. 2d, QD are now nucleated at both
side walls of the mounds.
The results shown in Fig. 2 indicate a dependence of the
formation of QD at the apex of the mounds with the strain
proﬁle induced from the buried nanostructures, which
decreases with the GaAs cap layer thickness. The cap layer
thickness seems to also be determinant in the nucleation of
QD in the sidewalls of the mounds: Fig. 2d, h show that
after depositing 1.6 ML of InAs, QD nucleate only on one
of the side walls in the case of using 25-nm thick GaAs cap
layers, while QD appear in both side walls of the mounds
when a 100-nm thick GaAs cap layer is grown. This result
could be understood on the basis of a different surface
curvature (i.e. step density) and/or in the strain proﬁle in
the sidewalls of the mounds when cap layers of different
thickness are grown.
Similar results corroborating a direct correspondence of
the mounds formed at the top surface and the underneath
nanostructures have been previously reported by our group
for Ga(As)Sb Qrings formed on GaAs(001) substrates [20].
In that case, mounds with Qrings nucleated on top of them
were observed once a 50-nm thick GaAs cap layer was
grown over a ﬁrst layer of nanostructures.
Finally, Fig. 3 shows the PL emission spectra from InAs
QD capped by 25 nm (black line) and 100 nm (red line)
thick GaAs layers. A slight increase of intensity is observed
in the case of the 100-nm thick GaAs cap layer that could
be ascribed to the larger distance from the QD to the air/
GaAs interface [21]. The similar PL spectra observed in
both samples indicates that the low substrate temperature
process followed to keep the mounding morphology after
growing thick cap layers has no inﬂuence on the optical
properties of the InAs QD.
Conclusions
On balance, we have demonstrated that after an appropriate
capping of InAs QD, the resulting GaAs top surface show a
characteristic mounding morphology that permits a direct
localization of buried nanostructures even at cap layer
thickness as large as 100 nm. Different experiments, based
on the nucleation of new nanostructures at the top surface
of 25- and 100-nm thick GaAs cap layers, have permitted
to establish a one-to-one correspondence between the
mounds and the buried nanostructures. The results obtained
also permit a direct observation of the different preferential
sites for nanostructures formation driven by strain and/or
curvature related mechanisms. The results presented in this
work are of high-technological interest for the fabrication
of those devices, as single photon emitters, where the
nanostructures location after being buried is a critical issue.
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